The facile synthesis of seven new dicationic tripeptide benzyl ester derivatives, with hydrophobic group variations in the C-terminal amino acid component, is described. Moderate to good activity was seen against Gram-positive bacteria in vitro. One cyclohexylsubstituted compound 2c was tested more widely and showed good potency (MIC values ranging from 2-4 μg/mL) against antibiotic-resistant strains of Staphylococcus aureus and Enterococci (VRE, VSE), and against Staphylococcus epidermidis.
Introduction
Among the most pressing challenges in current healthcare is the resistance of bacterial human pathogenic organisms to antibiotics [1, 2] , and of particular concern is the resistance to the cationic glycopeptide, vancomycin [3, 4] . This challenge is being addressed in a number of ways, which include both detailed studies aimed at the further understanding of the mechanism of this resistance, as well as the development of new large glycopeptide analogues containing amine sites that can be protonated, such as telavancin, oritavancin and dalbavancin [5] . An alternative approach to meeting this resistance challenge, at least in part, is through the design and synthesis of smaller cationic peptidic compounds incorporating features that could circumvent the vancomycin resistance mechanism. In much of our work we have been concerned with binaphthyl-based dicationic peptide derivatives, for example the acyclic tripeptides of type 1 (Figure 1 ; for example A = CH 2 CH=CH 2 , Table 1 : MIC values (μg/mL) against S. aureus, S. epidermidis and Enterococci of the tripeptide benzyl ester derivatives 2a-g and 9 [6] [6] ), which show significant promise as antibacterials [6] [7] [8] . In the development of these antibacterials, it became apparent that the nature of the C-terminal amino acid derivative was significant, with indications that the hydrophobic groups at the terminus ( Figure 1 , group B) [6] and at the α-carbon of the amino acid moiety (Figure 1 , group A) [6, 7] were important. In further exploration of the structural space in the latter area, while maintaining benzyl ester functionality at the terminus itself (a free carboxylic acid unit at the C-terminal was deleterious to activity [8] ), we envisaged the introduction of two alkyl substituent units incorporated in a ring system at this carbon, resulting in the target compounds 2a-d. Two further compounds based on a β-alanine unit with disubstitution at the α-or β-carbons of this unit, 2f and 2e respectively, were accessed with a view to assessing the effect of variation in the spatial disposition of the cycloalkyl or oxacycloalkyl ring on antibacterial activity. The conformationally less restricted gem diethylsubstituted compound 2g was also targeted in order to make antibacterial activity comparisons with the five-membered ring analogue 2b. The results of these synthetic and antibacterial testing studies are reported in this paper. 
Results and Discussion
A concise and flexible approach to all the target compounds 2a-g was used, starting from the commercially available amino acid derivatives 3 and proceeding via the amino benzyl esters 4 (Scheme 1), with the exception of the synthesis of 2c in which the commercially available 4c was used as the starting material. Addition of the protected central arginine unit by diimide-or BOP-induced amide bond formation, followed by selective Fmoc removal from the respective intermediates 5, then provided access to the key intermediate amines 6a-g (Scheme 1). Diimide-mediated coupling of the previously reported lysine containing (S)-binaphthyl acid derivative 7 [8] then afforded the protected tripeptides 8a-g. Removal of the Pmc (or Pbf) and Boc protecting groups in one pot was then achieved by exposure to trifluoroacetic acid, followed by trifluoroacetate/chloride ion exchange on treatment with an excess of HCl in diethyl ether, and finally evaporation to afford the salts 2a-g in good overall yields.
The structures of the final compounds were supported by 1 H and 13 C NMR spectroscopy and high-resolution mass spectrometry. Details of the synthesis and spectral data are given in the experimental section for the representative compound 2c. The experimental and spectroscopic data for all the other compounds are included in Supporting Information File 1.
The peptidic dihydrochloride salts 2a-g were tested against the Gram-positive bacteria Staphylococcus aureus (ATCC 6538) and four clinical isolates of vancomycin-resistant (and sensitive) enterococci (VRE; Enterococcus faecium), and the results are shown in Table 1 ; some compounds were also tested against Staphylococcus epidermidis (ATCC 12228). Vancomycin was used as a positive control, and showed a rounded MIC (minimum inhibitory concentration) value of 2-3 μg/mL against S. aureus and MIC values of 2, >25, >25 and 3 μg/mL against the vancomycin sensitive and partially resistant enterococci strains, VRE 243 , VRE 449 , VRE 820 and VRE 987 , respectively (Table 1) . For comparison purposes, data for the previously reported [6] isobutyl-substituted analogue 9 ( Table 2) are also included.
While MIC micromolar values should be used for comparative analysis of activities, the more commonly used concentration of micrograms per milliliter is retained in this case. The micromolar values are barely different from the latter, as the molecular weights for all of the compounds are similar (959-1001; vancomycin·HCl, 1486). In most cases, incorporation of a hydrophobic alkyl ring in the chain adjacent to the ester functionality results in good activity against S. aureus and S. epidermidis, but a greater variation of activity was seen with the enterococcal strains. The systems with four-and fivemembered cycloalkyl rings (2a and 2b) displayed similar activities, while the cyclohexyl analogue 2c was somewhat better. Reducing the hydrophobicity while increasing the hydrophilicity of the six-membered ring in 2c through inclusion of a ring oxygen atom, as in 2d, had a significant detrimental effect on the activity against the vancomycin-resistant strains VRE 449 and VRE 820 . Interestingly, the placement of an extra methylene group in the chain, either on the carboxylic ester side (2e) or the amino side (2f), had no or little effect on antibacterial activity, regardless of whether a ring oxygen atom was present or not. It appeared that moving the hydrophobic ring substituent position by a small amount in the terminal amino acid unit could be tolerated in these systems.
The diethyl-substituted peptide derivative 2g was more active than the constrained ring comparator compound 2b against the enterococci, including the vancomycin resistant isolates VRE 449 and VRE 820 , but both had similarly good potencies against S. aureus. In contrast, compound 2c with the cyclohexyl ring was somewhat more active than the isobutyl-substituted analogue 9. It would thus appear that greater coverage of the hydrophobic space available in this region is required for good to moderate activity against both the staphylococci and enterococci.
As a result of its promising initial activity profile, the tripeptide derivative 2c was subjected to further evaluation ( showed good activity against all these Gram-positive bacteria with MIC values in the range of 2-4 µg/mL. Again, for comparison purposes, results for the published analogue 9 [6] , containing a single isobutyl group in place of the cyclohexyl group, are also included in Table 2 . This tripeptide derivative 9 showed similar, if slightly weaker, antibacterial activity against these strains, apart from VSE, against which it was significantly less potent than 2c.
Although the mode of action of the tripeptide derivatives has not been established, our earlier results on compounds of type 1 ( Figure 1 ) and related cyclic systems implicated the possibility of more than one mode of action [8] . As noted for other cationic peptide derivatives [9] [10] [11] [12] , cell membrane damage could well be one of these actions, together with some more specific interactions. Dual-action type behaviour has been shown for the vancomycin analogue telavancin, which affects cell wall synthesis and the integrity of the cell membrane [13] .
Conclusion
In conclusion, seven novel binaphthyl-anchored tripeptide derivatives have been prepared and tested for antibacterial activity against S. aureus and four clinical enterococcal strains. The dicationic derivatives 2c and 2g showed the best overall activities. In addition, compound 2c with a hydrophobic cyclohexyl substituent originating from the α-position of the C-terminal amino acid ester, showed good activity against S. epidermidis and MSSA, MRSA, VISA and VRE organisms. Our results confirmed the positive contribution to good Grampositive antibacterial activity, engendered by filling of a hydrophobic area close to the C-terminus of these acyclic tripeptide derivatives.
Experimental
General notes were those detailed previously in the supporting information for reference [8] . 
